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Biomedical Engineering, Northwestern University, Evanston, Illinois; and {James Franck Institute, University of Chicago, Chicago, IllinoisABSTRACT Monte Carlo simulations are used to study the effect of spontaneous (intrinsic) twist on the conformation of
topologically equilibrated minicircles of dsDNA. The twist, writhe, and radius of gyration distributions and their moments are
calculated for different spontaneous twist angles and DNA lengths. The average writhe and twist deviate in an oscillatory fashion
(with the period of the double helix) from their spontaneous values, as one spans the range between two neighboring integer
values of intrinsic twist. Such deviations vanish in the limit of long DNA plasmids.INTRODUCTIONDNA minicircles are small circular double-stranded DNA
(dsDNA) molecules whose length N is of the order of the
persistence length of dsDNA, Np ¼ 150 basepairs (bp).
DNA minicircles are found in nature or can be produced
by covalent cross-linking (ligation) of short linear DNA
molecules, a process referred to as cyclization. Their
topology is controlled by the linking number Lk, which is
the (integer) number of times the two DNA strands wind
around each other. While the linking number is a topological
invariant that does not change in the process of thermal fluc-
tuations, the process of cyclization of linear DNA results in
a distribution of circular DNA molecules with different
values of Lk. The shape of the distribution depends on the
length of the linear segments and on their elastic properties
such as bending and twist rigidities and the presence of
spontaneous (intrinsic) curvature and twist, all of which
affect the cyclization probability (J factor) (1–4). Topolog-
ical equilibrium with respect to Lk can be also achieved
by the action of topoisomerases and other related enzymes
that cut and ligate circular DNA; cutting through a single
strand (by topo I) can change the linking number by integer
multiples of DLk ¼5 1 while cutting both strands (by topo
II) changes this number by integer multiples of DLk ¼5 2
(the latter requires ATP; see, e.g., Bates and Maxwell (1)).
Because dsDNA is a double helix, one can define the
spontaneous twist (or commonly, the intrinsic twist) of
linear DNA as the number of helical periods per chain,
Tw(0) ¼ N/h, where h is the number of basepairs per period.
While for B-form DNA, under standard conditions (0.2 M
NaCl, pH 7, 37C) h x 10.5 bp and Tw(0) ¼ N/10.5 (1),
this value may be reduced or increased by changing temper-
ature (5), ionic strength (6), or by binding of intercalators
such as ethidium bromide (7). The fact that this number is
not, in general, an integer, does not significantly affect
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tions), but has important consequences for short circular
DNA, because of topological constraints imposed by the
White-Fuller relation (8,9). According to this relation the
linking number can be expressed as the sum of twist Tw
and writhe Wr and while both twist and writhe can vary in
the process of thermal fluctuations, their sum is a topological
invariant (integer). Because for large plasmids both twist
and writhe fluctuations are large (in the limit of large N,
both twist and writhe can be considered as random variables
and the widths of the corresponding Gaussian distributions
increase as
ﬃﬃﬃﬃ
N
p
), the fact that twist fluctuates about a finite
spontaneous value (Tw(0)) rather than about zero does not
significantly constrain the statistical properties of the
ensemble of conformations of the plasmid. In the case of
minicircles, the variances of the twist and the writhe distri-
butions become smaller than unity and the precise value
(integer or noninteger) of spontaneous twist has a major
effect on the writhe distribution and through it on the
three-dimensional conformation of circular DNA.
Early experimental studies of the effects of varying spon-
taneous twist on the conformations of DNA minicircles
utilized the writhe dependence of the electrophoretic
mobility of DNA (3,10). More recently, because of the
interest in DNA looping as a possible mechanism for control
of gene expression, the interest in DNA minicircles arose
again in the context of cyclization of short linear DNA
(11,12), and the emergence of atomic force microscopy
methods to visualize the conformations of minicircles
(13,14). On the theoretical side, previous attempts to model
miniplasmids were based on the wormlike rod (WLR)model
(15–21) of DNAwhich incorporates 1), the bending and twist
degrees of freedom; 2), the intrinsic shape of DNA; and 3),
the linking number. In this model dsDNA is described as
a continuous elastic ribbon or rod whose edges represent
the two DNA strands. In general, the combination of ener-
getic, geometric, and entropic (due to thermal fluctuations)
considerations makes the statistical mechanics of closed
DNA circles intractable by analytical methods and one has
to resort to computer simulations. Such Monte Carlo (MC)doi: 10.1016/j.bpj.2010.08.021
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(22), or by simulating the ensemble of wormlike chains
(WLC) with bending rigidity only, assuming a Gaussian
form of the twist distribution and combining the two with
the help of the White-Fuller relation (4). A purely analytical
approach is possible only in the limit of very small mini-
circles, for which thermal fluctuations about the lowest
energy conformation become negligible and the calculation
reduces to the analysis of lowest energy states (23,24).
In this article, we present a MC simulation study of the
effects of spontaneous twist on the conformations of DNA
minicircles in topological equilibrium, which does not
conserve their linking number (for example, in the presence
of topo I). In next section, we introduce the wormlike rod
model of DNA and define the twist, writhe, and linking
numbers. In General Considerations and Plan of Work, we
present a qualitative discussion of effects of integer and non-
integer spontaneous twist on the twist and writhe distribu-
tions of the WLR model of circular DNA. In Results and
Analysis, we present our simulation results. We first explore
the effects of having integer or noninteger spontaneous twist
on the writhe and twist distributions of DNA minicircles.
We study the difference between changing the local sponta-
neous twist angle at fixed chain length, and varying the
number of basepairs at fixed spontaneous twist angle.
Finally, we study the effect of spontaneous twist on the
distribution of the radius of gyration and discuss the connec-
tion between the results for the writhe and the radius of
gyration distributions. In Summary, we summarize the
results of this work and discuss its limitations.THE WORMLIKE ROD MODEL
The wormlike rod model (WLR) for dsDNA describes the
dsDNA molecule as an elastic rod, with both bending and
twist rigidities (25). In the case where the molecule has
spontaneous twist, the energy is given by
EWLR
kBT
¼
ZL
0
ds

lp
2
½kðsÞ2 þ l3
2
½du3ðsÞ2

; (1)
where lp is the bending persistence length, l3 is the twist
persistence length, k(s) is the curvature at distance s along
the rod, and du3(s) h u3(s) – u3
(0) is the deviation of the
local rate of twist from its spontaneous value. A detailed
description of the model and of its discretized form, is given
in the Supporting Material. We just note here a few key
formulae. The discrete energy functional takes the form
EWLR
kBT
¼
XN
n¼ 1
"
~lp
2

~kn
2
þ
~l3
2

d~u3;n
2#
: (2)
Here,~lp and ~l3 are dimensionless bending and twist persis-
tence lengths, respectively, andBiophysical Journal 99(9) 2987–2994~kn ¼ 2½1 cosðqn;nþ 1Þis the dimensionless curvature defined by qn,nþ1, the
bending angle between the nth and the (n þ 1)th segments.
d~u3;n is the difference between the twist angle (as defined
in the Appendix of Medalion et al. (21)) and the sponta-
neous twist angle.
The above description of the WLR model is valid for
arbitrary (linear or circular) polymer topology. For closed
(circular) macromolecules, the model has to be supple-
mented by two constraints: 1), the chain closure constraint,
r(s þ L) ¼ r(s); and 2), the periodicity constraint that
ensures that the cross-sectional plane of the WLR rotates
an integer number of times around the centerline. This
integer number, known as the linking number (Lk), is in
fact defined for every two closed curves in three dimensions
and describes the number of times one curve directionally
intersects the plane inscribed by the other curve. According
to the well-known White-Fuller theorem (8,9) for two infin-
itesimally close curves, Lk can be expressed as the sum of
writhe (Wr) and twist (Tw),
Lk ¼ Wr þ Tw: (3)
The definitions of Wr and Tw are given in the Supporting
Material.GENERAL CONSIDERATIONS AND PLAN
OF WORK
Of particular interest to us will be the distributions for
Tw and Wr. At first sight, it would appear that the twist
distribution for the model with spontaneous twist is
completely equivalent to that without, apart from a trivial
shift Tw/ Tw Tw(0), where Twð0Þ ¼ N~uð0Þ3 =2p. However,
this is not true due to the White-Fuller relation and the
constraint that Lk is an integer. Consider what happens
when the length N of the plasmid is changed for a given
value of ~u
ð0Þ
3 (or when we change ~u
ð0Þ
3 at fixed N). If Tw
(0)
is an integer, the model yields the same results, up to the
trivial shift, as the WLR model without spontaneous twist.
On the other hand, when Tw(0) has a fractional part, inter-
esting effects arise.
For DNA minicircles (L/lp of the order of unity), bending
rigidity suppresses the fluctuations about the lowest energy,
planar-ring configuration, and the writhe distribution is
narrowly peaked about zero. Without spontaneous twist
(or when the Tw(0) takes an integer value), one can minimize
the bending and twist energies and satisfy the constraint of
integer linking number by havingWr ¼ Tw ¼ 0 (up to small
deviations). However, when Tw(0) is not an integer, the
conflicting demands of minimizing the bending energy
(Wr¼ 0) and the twist energy (Tw¼ Tw(0)) cannot be simul-
taneously satisfied because the sum Wr þ Tw must be an
integer. Consequently, both Wr and Tw will deviate from
their spontaneous values (the precise partitioning of Lk
aEffect of Spontaneous Twist 2989into Tw andWr depends on the ratio of the bending and twist
rigidities and on the length of the minicircle). In particular,
in the case when the fractional part of the Tw(0) is very close
to 1/2, a degenerate situation arises because Tw can change
in either direction and thus one expects two peaks in the Tw
distribution, at symmetric positions about Tw(0). Similarly,
the Wr distribution should also have two complementary
peaks. As the plasmid increases in length, the Tw distribu-
tion broadens, and these effects are progressively washed
out. Thus, for very long chains, the effects of spontaneous
twist are negligible.b
RESULTS AND ANALYSIS
We performed Monte Carlo simulations to measure the
effect of spontaneous twist on DNA minicircles. The basic
algorithm is similar to that employed in our earlier study
of the spontaneous twist free case, and the details are pre-
sented in the Supporting Material. We first discuss the
writhe and twist distributions and then consider the radius
of gyration.FIGURE 1 (Color online) A dsDNA plasmid of length N ¼ 180 bp
(lp ¼ 50 nm and l3 ¼ 74 nm). (a) hTwi vs. ~uð0Þ3 in the range 0.595–
0.627 rad (the vertical violet dashed line corresponds to Tw(0) ¼ 17.5).
(b) P(Tw) for ~u
ð0Þ
3 ¼ 0:608 (red circles), ~uð0Þ3 ¼ 0:610 (blue squares), and
~u
ð0Þ
3 ¼ 0:612 (brown asterisks). Solid lines are guides to the eye.Writhe and twist distributions
To examine the effects of spontaneous twist on the statistical
properties of DNA minicircles (using dsDNA parameters
lp ¼ 50 nm and l3 ¼ 74 nm), we changed the total sponta-
neous twist, Tw(0), by varying the spontaneous twist angle
(~u
ð0Þ
3 ) or by changing the DNA length (N). In the first case
we simulated a closed WLR of fixed length (180 bp)
and changed the spontaneous twist angle, ~u
ð0Þ
3 , between
0.595 rad and 0.627 rad, corresponding to total spontaneous
twist in the interval 17.04–17.96. Such slight changes in the
helical repeat can be caused, for example, by a change of
temperature, addition of monovalent salt, or of intercalating
dyes such as ethidium bromide and chloroquine (see Section
II of Bates and Maxwell (1) and references therein). In the
second case, the spontaneous twist angle ~u
ð0Þ
3 x0:601, cor-
responding to a single helical turn every 10.45 bp for
B-form DNA, was kept constant, and Tw(0) was varied by
changing the DNA length by adding basepairs (note that if
the total length is not equal to an integer number of helical
repeats, Tw(0) is not an integer). We ran simulations for
dsDNA lengths of 237–258 bp. Note that because the vari-
ances of the twist and the bending distributions depend on
the length of the polymer even in the absence of sponta-
neous twist, changing the number of basepairs affects these
distributions in a complex way, and not only through the
change of the total spontaneous twist. These effects will
be discussed at length later on in this article.
We begin with the fixed length case and examine the
effect of changing the total spontaneous twist at fixed
DNA length (180 bp). In Fig. 1 a, one observes a sharp tran-
sition of the mean twist hTwi of the DNA ring from a value
very close to an integer, to another value close to the nextinteger. This transition occurs when the fractional part of
Tw(0) is very close to 1/2. For small DNA rings, the writhe
is very small and twist is slaved to linking number and
follows its behavior. Before and after the transition, the
(discrete) linking number distribution is dominated by
a single peak at some integer value of Lk (Lk ¼ 17 and
18, respectively). This behavior is followed by the twist
distribution which also exhibits a single peak close to an
integer value of Tw (because Tw is a continuous variable,
the peak has a finite width due to broadening by writhe fluc-
tuations). During the transition, on the other hand, there are
two possible Lk values and thus two finite peaks (at Lk ¼ 17
and 18) in the discrete Lk distribution. In this range, the
mean linking number hLki is the weighted sum of two
successive integers and therefore is not an integer. The
relative weights of the two peaks in the Lk distribution
change as one traverses the transition region, accompanied
by a corresponding change of the weight of the two peaks
in the Tw distribution, which is clearly observed in Fig. 1 b
(as expected, the positions of the peaks do not change during
the transition).
In Fig. 2 we present the mean deviations of the twist,
linking number, and writhe,Biophysical Journal 99(9) 2987–2994
FIGURE 2 (Color online) N ¼ 180 bp with dsDNA parameters
(~lp ¼ 50 nm and ~l3 ¼ 74 nm): hDTwi (red circles), hDLki (green dia-
monds), and hWri (blue squares) for ~uð0Þ3 s in the range 0.595–0.627 rad
(vertical dashed line is the ~u
ð0Þ
3 corresponding to Tw
(0) ¼ 17.5). Solid lines
are guides to the eye.
FIGURE 3 (Color online) The variance of P(Wr) in the absence of
spontaneous twist as a function of chain length (violet points). The value
lp is 50 nm, and l3 is 74 nm as in the case of dsDNA. (Red dashed line)
Linear fit to the variance in the long chain limit.
FIGURE 4 (Color online) Plot of hjWrjimax as a function of N (using
WLC simulations and the factorization approximation described in the
Supporting Material, with lp ¼ 50 nm and l3 ¼ 74 nm). Solid lines are
guides to the eye.
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hDLki ¼ hLki  Twð0Þ; and hDWri ¼ hWri;
respectively (note that Wr(0) ¼ 0 and thus Lk(0) ¼ Tw(0)), as
a function of ~u
ð0Þ
3 ¼ 2pTwð0Þ=N for a DNA plasmid of
180 bp. The transitions take place around half-integer values
of Tw(0), and between two successive transitions, both
hDTwi and hDLki decrease linearly with ~uð0Þ3 , due to the
linear dependence of these averages on the variable Tw(0).
While both hTwi and hDLki change by a factor close to unity
around the transition (from minimum to maximum), hWri
experiences much more modest deviations from zero, as ex-
pected for dsDNA minicircles, and always makes only a
minor contribution to the linking number. Even during the
transition, when the writhe distribution has two peaks corre-
sponding to the two different linking numbers, these peaks
are very close to zero and strongly overlap (Fig. 1 in the
Supporting Material), so effectively this case could be con-
sidered as the broadening of a single narrow peak of this
distribution about Wr ¼ 0.
When the length of DNA is varied at fixed spontaneous
twist angle, in addition to the linear change of total sponta-
neous twist, one must also consider the effect of chain
length on the amplitude of Tw and Wr fluctuations. In
Fig. 3 we show the dependence of the variance of the writhe
distribution, hWr2i – hWri2, on DNA length N. We expect
the mean hWri to vanish both for N/Np << 1 and for
N/Np >> 1 (Np ¼ 150 bp corresponds to the persistence
length of dsDNA); the second moment of the distribution,
hWr2i, is expected to vanish in the short chain limit (the
distribution approaches a d-function) and to increase line-
arly with N for long chains (26). These expectations are
confirmed by our simulations and we find that the crossover
between the two asymptotic regimes takes place at ~5 Np
(Fig. 3).
To get a feeling about how the magnitude of writhe varies
with DNA length, we used the factorization approximation
(see the Supporting Material) and ran simulations ofBiophysical Journal 99(9) 2987–2994WLC with bending but not twist rigidity, in the length
range of 150–3450 bp (here we used a segmentation of
1 segment¼ 5 bp). For each value of N we calculated hjWrji
as a function of the spontaneous twist angle ~u
ð0Þ
3 and found
the maximal value of the mean writhe for this chain length.
As can be observed in Fig. 4, hjWr(N)jimax appears to vanish
both in the short and the long chain limits and has
a maximum at Nx 500. Clearly, in the limit of small plas-
mids, N/Np << 1, bending rigidity makes the energy cost of
deviations from the lowest-energy, planar-circle configura-
tion prohibitively large, and both the mean and the width
of the writhe distribution go to zero. In the opposite limit
of N/Np>> 1, the writhe distribution broadens and its width
becomes much larger than 1 (the unit interval between two
successive linking numbers). In this limit, for any value of
Tw, one can find a large number of configurations with
writhe that completes this value to the nearest integer
linking number. In between the two limits, there is a compe-
tition between bending energy that favors conformations
with small writhe and twist energy that favors Tw ¼ Tw(0);
the coupling of the two by the White-Fuller relation Wr þ
Tw ¼ Lk (9) results in the maximum in hjWr(N)jimax
observed in Fig. 4.
Consider now the N-dependence of the twist distribution
function. Just like the case of short DNA plasmids shown in
Effect of Spontaneous Twist 2991Fig. 2, we still get oscillatory behavior of hDTwi with steep
transitions at values of N for which the fractional part of
the Tw(0) approaches 1/2. The amplitude of these oscillations
is expected to become vanishingly small in the limit
N/Np >> 1 (not shown).
Because the interplay between twist and writhe degrees of
freedom depends on the ratio of the bending and twist rigid-
ities, we proceeded to examine the effects of higher twist
rigidity by keeping lp ¼ 50 nm and varying l3. As l3
increases, the energy cost for even small deviations of the
twist from its spontaneous value, Tw(0), becomes progres-
sively more expensive, and the chain prefers to convert
more of its DLk into Wr instead of into DTw. The detailed
behavior depends on the value of Tw(0) and different
phenomena are observed for integer and half-integer values
of spontaneous twist.
In Fig. 5 a we examine the effect of increasing twist
rigidity on the writhe distribution for (nearly) integer spon-
taneous twist, Tw(0) ¼ 24.019 (N ¼ 251 bp). For relatively
low values of twist rigidity (close to that of native dsDNA),a
b
FIGURE 5 (Color online) P(Wr) for different twist rigidities:
~l3=~lp ¼ 1:48 (green asterisks), 2 (blue squares), and 3, (red circles), where
lp ¼ 50 nm. (a) N¼ 251 bp (Tw(0) ¼ 24.019). Even though the distributions
for the above three cases are nearly indistinguishable, a small satellite peak
can be observed for ~l3=~lp ¼ 3 (an amplified image of one of the satellite
peaks is shown in the inset). (b) N ¼ 256 bp (Tw(0) ¼ 24.49). Progressive
splitting of the central peak into two distinct peaks with increasing ~l3=~lp
is clearly observed. Solid lines are guides to the eye.a single narrow peak at Wr ¼ 0 is observed, corresponding
to Lk¼ 24. As twist rigidity increases, the amplitude and the
width of this peak decrease and two satellite peaks appear
at Wr x 51, corresponding to Lk ¼ 23 and 25, and the
amplitude of these peaks increases with increasing l3. While
the satellite peaks are too small to be observed for DNA
parameters (~l3=~lp ¼ 1:48), they become observable at higher
twist rigidities (see inset in Fig. 5 a where the peak about
Wr ¼ –1 is shown for ~l3=~lp ¼ 3). The physical mechanism
that leads to the appearance of satellite peaks has been dis-
cussed in detail in Medalion et al. (21). When Tw(0) is an
integer, the linking number distribution of topologically
relaxed DNA rings contains a large peak at Lk ¼ Tw(0)
and a sequence of satellite peaks at neighboring integer
values of the linking number Lk ¼ Tw(0) 5 1, Tw(0) 5 2,
etc. (the distribution is symmetric about Lk ¼ Tw(0)). The
amplitude of the satellite peaks decreases rapidly with
distance from Tw(0) and, because the width of the writhe
distribution increases with increasing N (roughly as N1/2),
only two such peaks are observed for sufficiently small plas-
mids (for L/lp ~ O(1); see Fig. 4 b in (21)). For sufficiently
small chain lengths and sufficiently large twist rigidity, one
reaches the range in which the width of the twist distribution
becomes much smaller than unity and the two satellite peaks
are dominated by writhe (with DTwx 0 andWrx51), as
observed in Fig. 5 a.
In Fig. 5 b we consider the effect of twist rigidity on the
writhe distribution of plasmids with half-integer sponta-
neous twist Tw(0) ¼ 24.497 (N ¼ 256 bp) and different
values of ~l3. Whereas for dsDNA parameters (~l3=~lp ¼
1:48) there is a single peak of P(Wr) at Wr ¼ 0, increasing
~l3 causes the distribution to become broader until it splits
into two distinct peaks that move away from one another
with increasing ~l3, toward the limiting values of 50.5 that
complete the half-integer value of Tw(0) to the two closest
integers. Recall that the two overlapping peaks correspond-
ing to two neighboring Lk values were present even in the
case of DNA, ~l3=~lp ¼ 1:48, but that they could not be
resolved due to the large overlap between them (Fig. 2 b
in the Supporting Material).Radius of gyration
Both writhe Wr and radius of gyration Rg are measures of
the three-dimensional conformations of DNA minicircles
and thus, we expect these properties to be correlated.
Because, for parameter values typical of dsDNA, the effect
of spontaneous twist on the writhe was rather small, one
expects only modest effects of spontaneous twist on the
radius of gyration as well. Keeping N constant and changing
the spontaneous twist angle ~u
ð0Þ
3 results in slight decrease of
the mean radius of gyration hRgi (compared to the case
without spontaneous twist), when Tw(0) deviates from an
integer (Fig. 6 a); as expected, the largest deviation occurs
when the fractional part of the Tw(0) approaches 1/2.Biophysical Journal 99(9) 2987–2994
ab
FIGURE 6 (Color online) Effect of spontaneous twist on Rg
rms of
DNA minicircles (lp ¼ 50 nm and l3 ¼ 74 nm). (a) Constant length (N ¼
180 bp) with ~u
ð0Þ
3 varying in the range 0.595–0.626 rad (violet circles).
(b) Constant ~u
ð0Þ
3 with N varying in the range 237–258 bp (violet circles).
In both graphs, the ~u
ð0Þ
3 ¼ 0 case is shown by blue asterisks. Solid lines
are guides to the eye.
a
b
FIGURE 7 (Color online) P(Rg) for Np ¼ 150 bp and different twist
rigidities ~l3=~lp ¼ 1:48 (green asterisks), ~l3=~lp ¼ 2 (blue squares), and
~l3=~lp ¼ 3 (red circles). (a) N ¼ 251 bp (Tw(0) ¼ 24.0191). Solid lines are
guides to the eye. (Inset) Magnified view of the new peak at Rgx32. (b)
N ¼ 256 bp (Tw(0) ¼ 24.497).
2992 Medalion et al.When Tw(0) is an integer, spontaneous twist does not affect
DNA conformations, and hRgi coincides with its zero spon-
taneous twist value. If the spontaneous twist angle is fixed at
a value characteristic of native dsDNA and Tw(0) is varied by
changing N, oscillations of hRgi with N are observed, with
periodicity coinciding with the helical repeat of dsDNA
(Fig. 6 b). Note that the values of hRgi are limited from
above by the line corresponding to the zero spontaneous
twist case, hRgi f N (for short polymers, linear increase
of hRgi with chain length is expected). This concurs with
the expectation that the presence of noninteger spontaneous
twist forces the writhe of small plasmids to deviate from
zero, resulting in more compact DNA configurations and
therefore in smaller hRgi.
The effects of spontaneous twist on the distribution of
radii of gyration P(Rg) of small plasmids can be amplified
by increasing the twist rigidity. While for DNA parameters,
only a single peak of P(Rg) is observed for all values of
Tw(0), the distinction between integer and half-integer values
of Tw(0) becomes apparent at larger values of l3. Inspection
of Fig. 7 a shows that for integer Tw(0) (N¼ 251 bp), a single
peak of P(Rg) is observed at the value of l3 that corresponds
to native dsDNA. While, at first glance, increasing l3
appears to have no effect on the distribution, closer inspec-Biophysical Journal 99(9) 2987–2994tion (see inset of Fig. 7 a) reveals that already for ~l3=~lp ¼ 3
another small peak in P(Rg) appears, at a lower Rg value.
This peak is produced by the same mechanism that led to
the appearance of the satellite peaks in the Wr distribution
at higher values of l3 (Fig. 5 a), and is the consequence of
the twist-rigidity-induced broadening of the linking number
distribution and the appearance of additional peaks at higher
jLkj values; as one increases l3, satellite peaks appear at
Wr ¼ 51 and one concludes that plectonemic conforma-
tions with jWrj ¼ 1 become increasingly important. Because
such conformations are more compact than those corre-
sponding to the central peak at Wr ¼ 0, the probability to
observe conformations with larger Rg (Wr x 0) decreases,
and those with smaller Rg (jWrj x 51) increases with
increasing twist rigidity.
When the fractional part of Tw(0) is close to 1/2 (for N ¼
256 bp), the main effect of increasing l3 is to shift the single
peak in P(Rg) to lower values of Rg (this translation saturates
in the high ~l3=~lp limit) and to make it more symmetric.
The reason for this behavior becomes clear if we examine
the corresponding writhe distributions (see Fig. 5 b). Note
that, in this case, there is a single peak of P(Wr) around
Wr x 0 for DNA parameters (~l3=~lp ¼ 1:48). As l3 is
Effect of Spontaneous Twist 2993increased, this peak splits into two peaks centered
at5Wrpeak (the two peaks correspond to the integers Lk ¼
Tw(0)5 1/2). At yet higher values of twist rigidity, twist fluc-
tuations about Tw(0) are suppressed and jWrpeakj approaches
1/2. Because conformations differing only in the sign of
writhe have the same radius of gyration, we expect to see
a single peak in P(Rg), which moves to lower values of Rg
and eventually is pinned down at some value of the radius
of gyration, with increasing l3. Comparison of the inset of
Fig. 7, panel a with panel b, shows that for ~l3=~lp ¼ 3, the
most probable value of Rg for the N ¼ 256 bp minicircle
(that corresponds to 0< jWrj< 1/2) is higher than the value
of Rg at the small peak for the N ¼ 251 bp case (that corre-
sponds to jWrj x 51), in agreement with the expectation
that higher writhe yields more compact DNA conformations.SUMMARY
To study the effect of spontaneous twist on the conforma-
tions of DNA minicircles, we carried out MC simulations
of closed wormlike rods with length comparable to the
persistence length of DNA. We examined the variation of
the twist and writhe distributions with spontaneous twist,
as the latter takes integer and noninteger values, by varying
the spontaneous twist angle and the number of basepairs
(within a period of the double helix). In agreement with
the literature (4,13), the largest differences were observed
to be between integer and half-integer values of spontaneous
twist, reflecting the fact that while in the former case the
only contribution comes from Lk ¼ Tw(0), in the latter
case the two neighboring linking numbers, Lk ¼ Tw(0) 5
1/2 contribute to the observed distributions and their
moments. Oscillatory dependence of hTwi – Tw(0), hWri,
and of hRgi on spontaneous twist (as it changes between
two adjacent integers) is observed for small minicircles.
The amplitude of the effect depends on DNA length; it first
increases to a maximum at N of approximately three persis-
tence lengths of DNA and then decays rapidly to zero at
higher (of ~10 Np) DNA lengths. Our results concur with
the conclusion of previous studies that plectonemic confor-
mations make a negligible contribution to DNA minicircles.
Nevertheless, we were able to generate such conformations
at higher values of l3, which suggests that they could be
reached experimentally as well, provided that one could
increase the twist rigidity of DNA minicircles; e.g., by
binding of proteins.
Finally, we would like to comment on the limitations of
this work. While excluded volume effects and knot forma-
tion were not taken into consideration, such effects are ex-
pected to play a minor role for minicircles and should not
affect our results. A more important limitation comes
from the fact that the use of coarse-grained elastic models
of DNA becomes questionable for very short (and for highly
under/overwound) DNA molecules where the details of
microscopic structure become increasingly important andone has to resort to atomistic simulations (27). In particular,
one may wonder whether the White-Fuller relation, origi-
nally derived to infinitely thin filaments, is valid for short
DNA minicircles. Because the thickness of the DNA
molecule is ~2 nm and the shortest chains we examined
are 180 bp (i.e., ~60 nm) long, this gives a ratio of 1:30
between the thickness and the contour length, suggesting
that these chains are still well in the range of very thin
filaments, and the expected deviations from the slender
rod limit are small.SUPPORTING MATERIAL
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